INTRODUCTION {#SEC1}
============

Single strands of nucleic acids recognize and bind to other nucleic acid sequences via highly specific base recognition interactions such as Watson--Crick base pairing and triplets with Watson--Crick and Hoogsteen base pairing. Nucleic acids with G-rich motifs form G-quartets stabilized by Hoogsteen base pairs under certain conditions (Figure [1a](#F1){ref-type="fig"}). Because of the specific interactions among the bases, nucleic acids spontaneously form secondary or higher-order structures such as duplexes, triplexes and G-quadruplexes (Figure [1b](#F1){ref-type="fig"}). Nucleic acids can thus be 'programmed' to adopt predefined structures by designing their primary sequence. These specific structures are the bases for the enormous potential of DNA-based devices in the fields of nanobiotechnology and biomedical technology.

![(**a**) Types of base pairs in nucleic acids. The triplet is drawn based on the assumption of acidic conditions; N3 of cytosine is protonated. (**b**) Structures of nucleic acids for duplex, triplex and G-quadruplex.](gku499fig1){#F1}

DNA can detect a complementary target sequence using Watson--Crick base pair formation; this sequence-based recognition has been applied to the development of sequence-sensing methods such as DNA microarrays of gene expression analyses ([@B1]) and single nucleotide polymorphism detection ([@B2]), chips for gene sequencing by hybridisation ([@B3],[@B4]) and phylogenetic studies ([@B5]). Nanoscale self-assembly systems based on duplex formation are useful in functional molecule arrays ([@B6]) and in systems such as molecular transport devices ([@B7]), molecular computing devices (molecular switches, logical units and programmable molecular systems for massively parallel computing) ([@B7]) and 'molecular motors' ([@B8]) that depend on structural transitions of nucleic acids in response to chemical stimuli.

Nucleic acids are also able to form Hoogsteen base pairs, as shown in Figure [1b](#F1){ref-type="fig"} and [c](#F1){ref-type="fig"} ([@B9]). In a triple helix, a third strand, also called the triplex-forming oligonucleotide, binds with sequence specificity via A\*T and G\*C Hoogsteen base pairs (the asterisk indicates the Hoogsteen base pair) in the major groove of a Watson--Crick base-paired DNA duplex ([@B9]). Development of DNA materials and diagnostic applications based on the formation of Hoogsteen base pairs has been challenging, given that these base pairs are stable only in certain sequence motifs and at low pH ([@B13],[@B14]). In polypurine tracts, for example, found in human immunodeficiency virus-1 provirus and triplet repeat diseases, cytosines in the third strand must be protonated at N3 (p*K*~a~ = 4.5) to form C-G\*C^+^ base triplets ([@B12],[@B15]). Given that the formation of Hoogsteen base pairs of mixed G and A sequences is not stable at neutral pH ([@B12]), biological applications have been limited. G-rich sequences are attractive building materials in the nanotechnology field because of their stable structure and their stimulus-dependent conformational polymorphism. Researchers have taken advantage of these characteristics to develop DNA-based materials such as sensors, logic devices, circuits and drugs ([@B16]). For example, we have developed logic devices that depend on structural transitions among duplexes, G-quadruplexes and i-motifs in response to input molecules. Methods for selective regulation of the structure and stability of nucleic acids have potential applications ranging from gene therapy to novel material creation.

Although DNA is reasonably stable in aqueous solution, non-physiological temperature, pH and ionic strength disrupt the DNA helix and cause denaturation. Conventionally, DNA is stored under refrigeration for short- and long-term applications, and the influence of storage temperature has been discussed in the literature ([@B20],[@B21]). Nucleic acids are not stable in aqueous solutions at ambient temperatures for long periods (several days to 1 month) ([@B21]) because of degradation by contaminating nucleases ([@B22]) and because of inherent chemical instability. This instability is a bottleneck in the progress of nanotechnology based on nucleic acids ([@B23]). Furthermore, aqueous solutions are useless in small-volume technologies since small volumes of water vapourize immediately under open-air conditions or at high temperatures ([@B24]). To achieve functionality of nanodevices, solvents free of the limitations of aqueous buffers are required.

In the past 20 years, certain remarkable features of ionic liquids (ILs) have made them attractive alternatives to water in various applications including electrochemistry, separation science, chemical synthesis and materials science ([@B25]). Room-temperature ILs provide favourable environments for reactions because with a vapour pressure close to zero, ILs are non-volatile. In addition, ILs are green solvents that have replaced aqueous solutions for many reactions ([@B24],[@B25]). The anions and cations in ILs are usually molecular ions with low symmetry, a feature that disfavours packing into crystals. With numerous possible combinations of such cations and anions, ILs have been called 'designer solvents' because they can be customized for a diverse range of reactions ([@B29]). As nucleic acids carry a negative charge on each residue, high IL concentrations may induce aggregation and precipitation of these biomolecules.

In the past 10 years, two types of ILs have been reported as biocompatible. The first type is hydrated IL. The hydrated IL of choline dihydrogen phosphate (choline dhp) (Figure [2a](#F2){ref-type="fig"}) formed by dissolution in a small amount of water (∼30 wt%; ∼16.7 M) supports the retention of the structure and activity of cytochrome c, lysozyme and ribonuclease A ([@B27],[@B30]) and extends the shelf-lives of these proteins ([@B28]). The second type includes deep eutectic solvents (DESs), which are mixtures that form an eutectic system with a melting point much lower than that of either of the individual components ([@B31]). The deep eutectic phenomenon was first described in 2003 for a mixture of choline chloride (2-hydroxyethyl-trimethylammonium chloride) and urea in a 1:2 molar ratio (Figure [2b](#F2){ref-type="fig"}). Choline chloride and urea have a melting point of 302°C and 133°C, respectively. The eutectic mixture melts as low as 12°C. Lysozyme dissolved in DES retains enzyme activity ([@B32]). Because DES enhances the solubility of biomolecules, it has been used for preclinical studies ([@B33]). Moreover, bacteria freeze-dried in DES remain viable, opening interesting perspectives for the use of whole microorganisms in biocatalytic reactions carried out in non-aqueous solvents ([@B34]). Choline dhp and DESs are also markedly less toxic compared with organic solvents.

![The chemical structure of (**a**) choline dhp and (**b**) the DES for a mixture of choline chloride (2-hydroxyethyl-trimethylammonium chloride) and urea in a 1:2 molar ratio.](gku499fig2){#F2}

Four factors mainly determine the structures formed by nucleic acids: hydrogen bonding, base stacking, conformational entropy ([@B35]) and cation binding ([@B39]). Because molecular ions bind not only to phosphate groups but also to bases via hydrogen bond formation and van der Waals interactions ([@B45],[@B46]), ILs are expected to influence the structure and stability of nucleic acids. This review discusses the structure and stability of nucleic acids in choline dhp and DES and describes the advantages and unique properties imparted by these solvents. We expect that the properties of ILs will enable novel applications of nucleic acids in the nanobiotechnology field.

DNA STRUCTURE IN ILs {#SEC2}
====================

Cations bind to phosphate to shield the negative charge on the phosphate of natural DNA. Cations can also bind non-specifically to several parts of DNA such as phosphates, bases and sugars at high concentrations. The non-specific binding induces aggregation or dissociation of DNA structures. Effects of ILs on nucleic acid structures have been investigated in several studies (Table [1](#tbl1){ref-type="table"}). Circular dichroism (CD) has been used to monitor nucleic acid structure in most cases. MacFarlane *et al.* measured the CD spectrum of the long DNA duplex obtained from salmon testes in hydrated choline dhp ([@B47]). In choline dhp, these long DNA duplexes have the same B-form conformation structure as that in aqueous solution. Moreover, short strands of DNA and RNA (10- to12-mers) that form duplexes or triplexes also form the same structures in choline dhp and DES as those in aqueous solution ([@B48],[@B49]). However, certain sequences form different structures in ILs than in aqueous solution. For example, a 32-bp DNA duplex of mixed GC/AT sequence and d(GG)~8~ form different structures in ILs than in an aqueous buffer ([@B49]). The 32-bp DNA duplex in a low-salt buffer (100 mM NaCl) exhibited a CD spectrum consistent with a B-form duplex. In contrast, in DES, the CD spectrum of the 32-bp DNA duplex is suggestive of an A-form helix. d(GG)~8~ forms a left-handed Z-form helix in ILs but forms a B-form duplex in a low-salt aqueous buffer ([@B49]). Duplexes undergo B- to A-form or B- to Z-form transitions when subjected to dehydrating conditions and high ionic strength, properties certainly characteristic of DES ([@B49]). The duplex formed by the sequence d(A~4~T~4~)~4~ is also of interest because it contains four A-tract sequence elements, defined as four or more consecutive A--T base pairs without a 5′-TpA-3′ step. These sequence elements are known to adopt an altered B-form helical structure, designated B\*, with an unusually narrow minor groove and high base pair propeller twist, and have a propensity for cation localisation in the minor groove ([@B49]). For d(A~4~T~4~)~4~, any B\*-form helical structure is predicted to be interspersed with a B-form helical structure because A tracts are disrupted by 5′-TpA-3′ steps. In a low-salt buffer, spectroscopic data are consistent with a mixed B-/B\*-form structure; however, d(A~4~T~4~)~4~ has a markedly different CD spectrum in DES, indicating the change in its secondary structure ([@B49]).

###### Selected recent studies of structures behaviour in ILs or DESs

  Nucleic acid                        Aqueous solution   IL                                      Reference                     
  ----------------------------------- ------------------ -------------- -------------- --------- -------------- -------------- ---------------
  Duplex                                                                                                                       
  DNA from salmon testes              B-form             B-form         B-form         --        --             --             [@B47]
  5′-TTATAACCTA-3′/5′-TAGGTTATAA-3′   B-form             --             --             --        B-form         --             [@B48]
  5′-CGGCAAGCGC-3′/5′-GCGCTTGCCG-3′   B-form             --             --             --        B-form                        [@B48]
  12-mer RNA duplex                   A-form             --             --             --        A-form         --             [@B49]
  32-mer DNA duplex of mixed GC/AT    B-form             --             --             --        A-form         --             [@B49]
  \[d(GG)8\]2                         B-form             --             --             --        Z-form         --             [@B49]
  \[d(A4T4) 4\]2                      B\*-form           --             --             --        n.d.^a^        --             [@B49]
  Triplex                                                                                                                      
  5′-TTTTTTTCTTCT -3′/5′-AGAAGAA      A-like form        --             A-like form    --                       --             
  AAAAA-3′/5′-TCTTCTTTTTTT-3′                                                                                                  
  G-quadruplex                                                                                                                 
  d AG3(T2AG3)3                       antiparallel       hybrid         antiparallel   n.d.^a^   --             parallel       [@B52],[@B53]
  d AG3(T2AG3)7                       antiparallel       hybrid         antiparallel   n.d.^a^   --             parallel       [@B52],[@B53]
  d (G3T4)3G3                         antiparallel       antiparallel   --             --        --             parallel       [@B52]
  d (T4G4)4                           antiparallel       antiparallel   --             --        --             parallel       [@B52]
  d (G4T2)3G4                         hybrid             hybrid         --             --        parallel       parallel       [@B52]
  d (AG3TG3)2A2T2                     parallel           parallel       --             --        parallel       parallel       [@B52]
  d (AG3)2CGCTG3AG2AG3                parallel           parallel       --             --        --             parallel       [@B52]
  d AG3CG2TGTG3(AGAG3)2G2AG2          parallel           parallel       --             --        --             parallel       [@B52]
  d G2T2G2TGTG2T2G2                   antiparallel       antiparallel   antiparallel   --        antiparallel   antiparallel   [@B49],[@B52]

^a^n.d. indicates that nucleic acid structure in IL was different from that in aqueous solution, but the structure was not characterized.

The CD spectra of widely investigated G-quadruplex DNA in aqueous solutions and water-free DES have also been compared (Table [1](#tbl1){ref-type="table"}). The human telomeric DNA (dAG~3~(T~2~AG~3~)~3~; Tel22) adopts a hybrid G-quadruplex structure in aqueous solution containing K^+^ ([@B50]) and an anti-parallel G-quadruplex structure in Na^+^ ([@B51]). Interestingly, Tel22 adopts a parallel G-quadruplex structure in DES containing 100 mM KCl (K^+^/DES) and does not form a stable G-quadruplex in DES alone ([@B52]). Similar to that in aqueous buffer, Tel22 adopts the anti-parallel G-quadruplex form in choline dhp ([@B53]). In K^+^/DES, a 46-mer of the human telomeric DNA sequence (dAG~3~(T~2~AG~3~)~7~) forms higher-order G-quadruplex structures composed of two individual parallel G-quadruplexes, indicating that DES provides a favourable environment for higher-order G-quadruplex structures. The structure of Tel22 has also been investigated in choline dhp. Similar to that in aqueous buffer, Tel22 adopted the anti-parallel G-quadruplex form in choline dhp ([@B53]).

Six other well-characterized G-quadruplex-forming DNAs, (d(G~3~T~4~)~3~G~3~ *Oxytricha* telomeric DNA; d(G~4~T~2~)~3~G~4~ *Tetrahymena* telomeric DNA; d(AG~3~TG~3~)~2~A~2~T~2~ *c-myc*; d(AG~3~)~2~CGCTG~3~AG~2~AG~3~ *c-kit* and dAG~3~CG~2~TGTG~3~(AGAG~3~)~2~G~2~AG~2~ *KRAS*), similar to Tel22, form parallel structures in K^+^/DES (Table [1](#tbl1){ref-type="table"}) ([@B52]). However, the G-quadruplex structure formed by the thrombin-binding aptamer (d G~2~T~2~G~2~TGTG~2~T~2~G~2~, TBA) is an exception ([@B49],[@B52]). It adopts an anti-parallel structure in K^+^/DES, similar to the structures formed in both K^+^ and Na^+^ water solutions (Table [1](#tbl1){ref-type="table"}). TBA does not adopt a parallel quadruplex structure under any conditions tested, unlike the other G-quadruplex-forming oligonucleotides. The G-quadruplex form adopted in K^+^/DES was proposed to be driven by dehydration, in agreement with reports that the formation of the G-quadruplex is accompanied by water molecule release and that water depletion induced by the presence of crowding agents favours parallel-stranded G-quadruplexes in K^+^-containing solutions ([@B54],[@B55]).

DNA STABILITY IN ILs {#SEC3}
====================

Hydrated ILs influence the stability of Watson--Crick base pairs in duplexes {#SEC3-1}
----------------------------------------------------------------------------

The formation of Watson--Crick base pairs in a duplex is the basis for the transmission of genetic information. To understand the effects of choline dhp on the stability of Watson--Crick base pairs, the sequence dependence of DNA duplex stability in choline dhp was investigated by the evaluation of ultraviolet (UV) melting curves. The melting temperatures (*T*~m~s) of 10-mer DNA duplexes with different A--T base pair contents were measured in a solution containing 4 M NaCl or 4 M choline dhp (80 wt% choline dhp) (Table [2](#tbl2){ref-type="table"}). The A--T base pairs in ODN1--ODN6 are consecutive. In ODN7, ODN8, ODN9 and ODN10, the sequences are random. Buffer containing 4 M NaCl was used, given that previous quantitative analyses of DNA duplex stabilities were performed in this solution ([@B56]). Typical UV melting curves are shown in Figure [3](#F3){ref-type="fig"} ([@B48]). In NaCl-containing solution, *T*~m~ of DNA duplexes with consecutive A--T base pairs decreased from 45.3 to 30.7°C as the A--T content increased (Figure [3a](#F2){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}). In contrast, in choline dhp-containing solution, a reverse trend for the stabilities of DNA duplexes was observed. *T*~m~ of the DNA duplexes in the choline dhp-containing solution increased from 33.3 to 53.3°C as the A--T content increased (Figure [3b](#F3){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}). To confirm the effect of choline dhp, we also measured *T*~m~ of DNA duplexes ODN7, ODN8, ODN9 and ODN10 (Table [2](#tbl2){ref-type="table"}). DNA duplexes with the highest A--T contents showed the highest *T*~m~s in choline dhp-containing solution. Intriguingly, the ODN7 duplex, composed only of A and T, was more stable in the choline dhp-containing solution than in the NaCl-containing solution, whereas ODN8 with only G--C base pairs was destabilized in the choline dhp-containing solution compared with the NaCl-containing solution. Finally, ODN7 was more stable than ODN8 in the choline dhp-containing solution, with *T*~m~ of 37.7 and 33.1°C, respectively.

###### Sequences and melting temperatures for DNA duplex formation in 4 M NaCl and 4 M choline dhp

  Sequence name   Sequence                            *T*~m~ (°C)^a^   
  --------------- ----------------------------------- ---------------- ------
  ODN1(10)^b^     5′-AAAAAAAAAA-3′/5′-TTTTTTTTTT-3′   30.7             53.3
  ODN2(9)         5′-AAAAAAAAAC-3′/5′-GTTTTTTTTT-3′   31.5             48.6
  ODN3(8)         5′-AAAAAAAACC-3′/5′-GGTTTTTTTT-3′   36.0             46.6
  ODN4(7)         5′-AAAAAAACCC-3′/5′-GGGTTTTTTT-3′   38.7             42.7
  ODN5(6)         5′-AAAAAACCCC-3′/5′-GGGGTTTTTT-3′   40.0             36.3
  ODN6(5)         5′-AAAAACCCCC-3′/5′-GGGGGTTTTT-3′   45.3             33.3
  ODN7(10)        5′-AAATATATTT-3′/5′-AAATATATTT-3′   17.4             37.7
  ODN8(0)         5′-GGGCGCGCCC-3′/5′-GGGCGCGCCC-3′   61.0             33.1
  ODN9(8)         5′-TAGGTTATAA-3′/5′-TTATAACCTA-3′   26.7             34.8
  ODN10(2)        5′-CGGCAAGCGC-3′/5′-GCGCTTGCCG-3′   47.2             30.5

^a^Melting temperature was calculated at a strand concentration of 5 μM.

^b^The number of A--T base pairs in the DNA duplex is shown in parentheses.

To investigate how choline dhp alters the stabilities of DNA duplexes, the thermodynamic parameters for ODN9 and ODN10 were measured by conducting UV melting experiments (Table [3](#tbl3){ref-type="table"}), as described previously ([@B48],[@B57]). ODN9 and ODN10 showed two-state thermal melting transitions, and structures were not changed drastically by solution conditions (0.1, 0.5, 1, 2 and 4 M NaCl or choline dhp; data not shown). The free energy changes at 25°C (Δ*G*°~25~) of ODN9 and ODN10 in 4 M NaCl were −8.4 and −12.7 kcal mol^−1^, respectively. In 4 M choline dhp, however, the stabilities were reversed; Δ*G*°~25~ of ODN9 and ODN10 was −10.1 and −8.4 kcal mol^−1^, respectively. The higher A--T content duplex ODN9 was more stable in choline dhp-containing solution than in NaCl-containing solution because of a favourable enthalpic contribution, whereas ODN10 was destabilized in the choline dhp-containing solution compared with the NaCl-containing solution because of an unfavourable enthalpic contribution. Alkylammonium ion derivatives bind to single-stranded DNA, especially unpaired guanines, at high salt concentrations ([@B42]). ODN10 destabilisation in the choline dhp-containing solution was caused by unfavourable enthalpy, implying that choline ions decrease duplex stability either by destabilising hydrogen bond formation or by stabilising single-stranded DNA through preferential binding of choline ions to guanine bases in the single strand. Given that ODN9 stabilisation in the choline dhp-containing solution was enthalpically driven, choline ions increase duplex stability through their interaction with the duplex structure.

###### Thermodynamic parameters for DNA duplex formation in 4 M NaCl or and 4 M choline dhp^a^

                    Δ*H*° (kcal mol^−1^)   *T*Δ*S°* (kcal mol^−1^)   Δ*G*°~25~ (kcal mol^−1^)   *T*~m~^b^ (°C)
  ----------------- ---------------------- ------------------------- -------------------------- ----------------
  4 M NaCl                                                                                      
  ODN9              −46.6 ± 2.8            −38.2 ± 2.0               −8.4 ± 0.3                 38.6
  ODN10             −54.7 ± 3.3            −42.0 ± 2.9               −12.7 ± 0.4                63.2
  4 M choline dhp                                                                               
  ODN9              −66.8 ± 3.4            −56.7 ± 2.7               −10.1 ± 0.4                43.6
  ODN10             −47.8 ± 3.7            −39.4 ± 3.4               −8.4 ± 0.5                 38.2

^a^All experiments were performed in buffer containing 50 mM MES (pH 6.0), 1 mM Na~2~EDTA and 4 M NaCl or 4 M choline dhp. Thermodynamic parameters were evaluated from the average values obtained from curve fitting and *T*~m~^−1^ versus log(*C*~t~/4) plots. Error estimates were obtained as described previously ([@B59]).

^b^Melting temperature was calculated at a strand concentration of 100 μM.

Choline dhp influences the stability of Watson--Crick and Hoogsteen base pairs in triplexes {#SEC3-2}
-------------------------------------------------------------------------------------------

The canonical DNA structure is a B-form duplex consisting of A--T and G--C Watson--Crick base pairs (the dash indicates the Watson--Crick base pair), and the G--C base pairs are more stable than the A--T base pairs. Nucleic acids can also form Hoogsteen base pairs. There are two types of triplexes: parallel and antiparallel triplexes. Parallel or triplexes of the 'pyrimidine' motif are pyrimidine-rich strands that bind parallel to the purine strand of the duplex, whereas antiparallel triplexes or triplexes of the 'purine' motif are purine-rich strands that bind antiparallel to the purine strand of the duplex ([@B60],[@B61]). For example, in a triple helix, a third strand consisting of pyrimidine, called a triplex-forming oligonucleotide, binds with sequence specificity to A\*T and G\*C Hoogsteen base pairs in the major groove of a Watson--Crick base-paired DNA duplex. Pyrimidine motif triplexes are stabilized under acidic conditions because one of the two hydrogen bonds in the G\*C^+^ Hoogsteen base pairs is formed only after protonation of N3 of cytosine (Figure [1a](#F1){ref-type="fig"}). p*K*~a~ of N3 at cytosine is 4.5 ([@B11]). Thus, around neutral pH, G\*C Hoogsteen base pairs are very unstable.

![Normalized UV melting curves for ODN1 (open circles), ODN2 (closed squares), ODN3 (open triangles), ODN4 (closed circles), ODN5 (open squares) and ODN6 (closed triangles) in solution containing 50 mM MES (pH 6.0), 1 mM Na2EDTA and (**a**) 4 M NaCl or (**b**) 4 M choline dhp. DNA strand concentration was 5 μM. (Permission for use was received ([@B48])).](gku499fig3){#F3}

The effect of choline dhp on the stability of Hoogsteen base pairs was evaluated in the context of three oligonucleotides that form intermolecular pyrimidine motif triplexes (Ts1, Ts2 and Ts3) with different numbers of A\*T Hoogsteen base pairs (Figure [4](#F4){ref-type="fig"}). iTs1, which has the same sequence as Ts1 except for the existence of the loop region, was also synthesized; this DNA can form an intramolecular pyrimidine motif triplex (Figure [4](#F4){ref-type="fig"}). Three intermolecular double-stranded DNAs (Ds1, Ds2 and Ds3) and an intramolecular double-stranded DNA (iDs1) of the same sequences of Watson--Crick base pairs as Ts1, Ts2, Ts3 and iTs1 were also prepared (Figure [4](#F4){ref-type="fig"}).

![Sequences and schematic structures of (**a**) triplexes (Ts1, Ts2, Ts3 and iTs1) and (**b**) duplexes (Ds1, Ds2, Ds3 and iDs1). Filled and open circles indicate Watson--Crick and Hoogsteen base pairs, respectively.](gku499fig4){#F4}

Figure [5](#F5){ref-type="fig"} shows normalized UV melting curves at 260 nm for 30 μM pyrimidine motif triplexes. UV melting curves at 295 nm were also measured (data not shown) because the dissociation of Hoogsteen base pairs can be specifically monitored at this wavelength ([@B62]). When a melting curve for triplexes has two sigmoidal melting transitions, one corresponds to melting of the duplex and the other to the dissociation of the triplex strand. A transition at 260 nm occurring with the same *T*~m~ as that of the melting transition observed at 295 nm corresponds to the dissociation of Hoogsteen base pairs (*T*~m-H~). A transition observed only at 260 nm corresponds to the dissociation of Watson--Crick base pairs (*T*~m-W~). UV melting curves at 260 nm and 295 nm showing single transitions with very similar *T*~m~s indicate that the Hoogsteen and Watson--Crick base pairs dissociate at the same temperature (*T*~m-H&W~). The melting temperatures of the duplexes and triplexes analyzed are shown in Table [4](#tbl4){ref-type="table"}. The melting curves of Ts1 in 4 M NaCl at 260 nm and 295 nm showed single sigmoidal melting transitions with almost the same *T*~m~s (Figure [5](#F5){ref-type="fig"} and Table [4](#tbl4){ref-type="table"}), suggesting that Watson--Crick and Hoogsteen base pairs dissociated at the same time. The melting curve of Ts2 in 4 M NaCl at 260 nm had two sigmoidal melting transitions. The lower temperature transition corresponded to the dissociation of Hoogsteen base pairs because *T*~m~ was similar to that of the transition at 295 nm, whereas the higher temperature transition corresponded to the dissociation of Watson--Crick base pairs. Ts3 in 4 M NaCl showed one sigmoidal melting transition at 260 nm but no transitions at 295 nm, indicating that third strand binding via Hoogsteen base pairing did not occur under these conditions. Moreover, *T*~m~ of Ds3 in NaCl solution was almost identical to that of Ts3 in 4 M NaCl at 260 nm (Table [4](#tbl4){ref-type="table"}). This finding indicated that Ts3, which has the highest A\*T base pair content, does not form a pyrimidine motif triplex. The formation of pyrimidine motif triplexes was also confirmed by CD (data not shown), as reported previously ([@B62]).

![Thermal stability of DNA triplexes. Normalized UV melting curves at 260 nm for Ts1 (blue), Ts2 (green) and Ts3 (red) in (**a**) 4 M NaCl solution and (**b**) 4 M choline dhp solution. Solutions also contained 50 mM Tris (pH 7.0) and 1 mM Na~2~EDTA. Total DNA strand concentration was 30 μM .](gku499fig5){#F5}

###### Melting temperatures for DNA triplexes and duplexes in 4 M NaCl and 4 M choline dhp^a^

  Condition/Sequence^b^   *T*~m~ (°C) at 260 nm^b^                                 
  ----------------------- -------------------------- ------ --------- ------------ ------
  4 M NaCl                                                                         
  Ts1 (10)^c^                                               39.4^f^   Ds1 (2)^d^   43.8
  Ts2 (8)                 14.5                       48.1             Ds2 (4)      47.5
  Ts3 (6)                 n.d.^e^                    51.6             Ds3 (6)      51.2
  4 M Choline dhp                                                                  
  Ts1 (10)^c^                                               55.5      Ds1 (2)^d^   51.4
  Ts2 (8)                                                   49.3      Ds2 (4)      43.2
  Ts3 (6)                                                   37.3^f^   Ds3 (6)      40.2

^a^All experiments were performed in buffer containing 50 mM Tris (pH 7.0), 1 mM Na~2~EDTA and 4 M NaCl or 4 M choline dhp.

^b^Total DNA strand concentrations of triplexes and duplexes were 30 and 20 μM, respectively.

^c^The number of A\*T Hoogsteen base pairs is shown in parentheses.

^d^The number of A--T Watson--Crick base pairs is shown in parentheses.

^e^n.d. indicates that *T*~m-H~ was too low to be determined.

^f^In case of Ds1 in 4 M NaCl and Ds3 in 4 M choline dhp where *T*~m-W~ is higher than *T*~m-H&W~ in Ts1 in 4 M NaCl and Ts3 in 4 M choline dhp, *T*~m-H&W~ would be underestimated because *T*~m-W~ and *T*~m-H~ were not consistent, although the melting curves of Ts1 in 4 M NaCl and Ts3 in 4 M choline dhp showed single sigmoidal transitions (Figure [5](#F5){ref-type="fig"}).

UV melting curves of Ts1, Ts2 and Ts3 in 4 M choline dhp solution had single sigmoidal melting transitions with almost the same *T*~m~s at 260 nm and 295 nm (Table [4](#tbl4){ref-type="table"}). In the hydrated IL, as a consequence, Ts1, Ts2 and Ts3 formed triplexes even at pH 7.0, and the stability of Hoogsteen base pairs was comparable to that of Watson--Crick base pairs. The extent of stability differences in NaCl versus choline dhp depended on the A--T base pair content and likely resulted from specific interactions between DNA bases and choline ions ([@B48]). *T*~m-H&W~ of Ts1 and Ts2 in choline dhp solution was higher than *T*~m-W~ of Ds1 and Ds2 (Table [4](#tbl4){ref-type="table"}). Ts3 formed a pyrimidine motif triplex in choline dhp solution, although Ts3 did not form a triplex in NaCl solution. Choline dhp stabilized the formation of Hoogsteen base pairs independent of the sequence, although the stability of Watson--Crick base-paired duplexes in choline dhp solution depended on the A--T content ([@B48]). The stabilisation of Hoogsteen base pairs in choline dhp solution was pronounced compared with that observed in previous studies with triplex-forming oligonucleotides with DNA backbone modifications.

To investigate how high choline dhp concentrations altered the stabilities of DNA structures, the thermodynamic parameters for the intramolecular pyrimidine motif triplex of iTs1 and duplex of iDs1 in 4 M NaCl and choline dhp were measured, estimated by UV melting curves (Table [5](#tbl5){ref-type="table"}). Δ*G*°~25~ for the structure formation of iTs1 and iDs1 in 4 M NaCl was −13.1 and −8.8 kcal mol^−1^, respectively, suggesting that the three-stranded conformation of iTs is more stable than the iDs1 duplex. Δ*G*°~25~ for the structure formation of iTs1 and iDs1 in 4 M choline dhp was −17.5 and −8.9 kcal mol^−1^, respectively. Δ*G*°~25~ of iTs1 indicates that the iTs1 triplex was considerably more stable in choline dhp than in NaCl. Given that the stabilisation of the triplex in choline dhp was enthalpically driven, choline ions may increase triplex stability through their interaction with atoms in the triplex. Previous studies on triplexes in the presence of spermine ([@B63]), acridine ([@B64]), Hoechst 33258 ([@B65]), neomycin ([@B64]) and carbon nanotubes ([@B66]) indicate that these small molecules increase the stability of the pyrimidine motif triplex through enthalpic contributions. For example, triplex stabilisation by neomycin was up to 5 kcal mol^−1^ (Δ*G*°~25~). We thus demonstrated that choline dhp more effectively stabilized the triplex than small molecules evaluated previously ([@B66],[@B67]).

###### Thermodynamic parameters for the formation of DNA triplexes and duplexes in 4 M NaCl and 4 M choline dhp^a^

                    Δ*H*° (kcal mol^−1^)   *T*Δ*S*° (kcal mol^−1^)   Δ*G*°~25~ (kcal mol^−1^)   *T*~m~^b^ (°C)
  ----------------- ---------------------- ------------------------- -------------------------- ----------------
  4 M NaCl                                                                                      
  iTs1              −80.3 ± 8.7            −67.3 ± 7.7               −13.1 ± 2.5                78.5
  iDs1              −57.2 ± 1.1            −48.4 ± 0.9               −8.8 ± 0.7                 75.3
  4 M choline dhp                                                                               
  iTs1              −96.3 ± 8.7            −78.8 ± 7.7               −17.5 ± 2.5                83.9
  iDs1              −57.4 ± 1.0            −48.5 ± 0.9               −8.9 ± 0.7                 77.3

^a^All experiments were performed in buffer containing 50 mM Tris (pH 7.0), 1 mM Na~2~EDTA and 4 M NaCl or 4 M choline dhp. Thermodynamic parameters were evaluated from curve fitting.

^b^Melting temperature was calculated at a strand concentration of 30 μM.

Interaction between choline ions and the duplex or triplex evaluated using molecular dynamic simulations {#SEC3-3}
--------------------------------------------------------------------------------------------------------

To determine how choline ions stabilize DNA structures, 20-ns molecular dynamic (MD) simulations of DNA duplexes with A--T base pairs and triplexes were performed. Figure [6](#F6){ref-type="fig"} shows the binding sites of choline ions around ODN1 drawn by MD trajectories ([@B68]). In general, sodium ions approach the phosphate groups of DNA strands to neutralize their negative charge. The distributions of choline ions around ODN1 were markedly different from those of sodium ions. Choline ions accumulated not only around the phosphate groups of DNA strands but also around bases and ribose sugars via hydrogen bond formation between the hydroxyl groups of choline ions and DNA ([@B63]). Figure [6](#F6){ref-type="fig"} shows that the choline ions were buried in the minor groove of ODN1. These choline ions fit well into the minor groove of the A--T base pairs. The narrow groove of the A--T base pairs allows multiple hydrogen bonds between choline ions and DNA atoms. Choline ions stabilize the A--T base pairs in a DNA duplex because these ions bind preferentially to these base pairs in the minor groove ([@B68]). Shortly thereafter, Portella *et al.* investigated in more detail and found that choline ions are preferentially localized in the minor groove of the DNA duplex with A--T base pairs by MD simulations and nuclear magnetic resonance studies ([@B69]). Furthermore, free energy calculations by MD simulations showed that unpaired G and C bases exhibited more favourable solvation by choline ions than unpaired A and T bases, and the unpaired G and C bases were stabilized slightly compared with the A and T bases ([@B69]). The unique interaction of solvents with DNAs in the presence of choline ions could enable stability change of the DNA duplex in a sequence-specific manner.

![Choline ions buried in the minor groove of ODN1. DNA atoms are shown as grey spheres. Carbon atoms of choline ions are shown in yellow, oxygen atoms of choline ions are shown in red and hydrogen atoms are shown in white ([@B68]).](gku499fig6){#F6}

MD simulations of the DNA pyrimidine motif triplex of Ts1 with choline ions were also performed. To maintain the triplex structures during the simulation, N3 of cytosine in the third strand was protonated. For this analysis, the grooves of a pyrimidine motif triplex are defined as the major part of the major groove (ma-major groove), the minor part of the major groove (mi-major groove) and the minor groove (Figure [7](#F7){ref-type="fig"}) ([@B10]). Snapshots of Ts1 after 20-ns MD simulations in the absence and presence of choline ions are shown in Figure [8a](#F8){ref-type="fig"} and [b](#F8){ref-type="fig"}, respectively. Choline ions are buried inside the minor groove (Figure [8c](#F8){ref-type="fig"}) and the ma-major groove (Figure [8d](#F8){ref-type="fig"}) and surround the third strand (Figure [8e](#F8){ref-type="fig"}). It has been reported that alkylammonium ions such as trimethyl ammonium ions bind to A--T base pairs in the minor groove of a DNA duplex to stabilize the duplex ([@B68],[@B70]). As observed previously, both the minor and mi-major grooves of a triplex are rigid because of the existence of highly structured water molecules in both grooves ([@B67]). In contrast, the ma-major groove is flexible. Binding of small molecules in the ma-major groove probably enhances triplex stability independent of the sequence ([@B66],[@B67]). Similarly, choline ions bridge the first and second strands or the first and third strands to strengthen and stabilize pyrimidine motif triplex formation.

![(**a**) The bases of the triplet of T--A\*T. (**b**) The structure of Ts1 as depicted by the van der Waals model. First (5′-TTTTTTTCTTCT-3′), second (5′-AGAAGAAAAAAA-3′) and third (5′-TCTTCTTTTTTT-3′) strands are indicated by light blue, light green and pink, respectively.](gku499fig7){#F7}

![Choline ion binding to the triplex estimated by MD simulations. A snapshot of Ts1 after 20-ns MD simulations in the (**a**) absence or (**b**) presence of choline ions. First (5′-TTTTTTTCTTCT-3′), second (5′-AGAAGAAAAAAA-3′) and third (5′-TCTTCTTTTTTT-3′) strands in Ts1 are indicated by light blue, light green and pink, respectively. Ts1 and choline ions (yellow) are depicted as van der Waals models. The choline ions bound to the minor grove and major part of the major groove in Ts1 are highlighted in (**c**) and (**d**), respectively. The choline ions surrounding the third strand in Ts1 are highlighted in (**e**) .](gku499fig8){#F8}

Choline ions in the mi-major groove surround the phosphates of the third strand (Figure [8e](#F8){ref-type="fig"}). The mi-major groove appears to be too narrow for a choline ion to be buried inside. In general, the cations bind primarily to nucleotide phosphates and stabilize the ordered DNA structures by reducing the repulsive forces between the phosphate groups ([@B43],[@B72]). Because the distances between phosphates across the mi-major groove are shorter than those across the other grooves, cations should accumulate in the mi-major groove. Sodium ions exchange rapidly with ions in the bulk solution ([@B72]). Because hydroxyl groups in choline ions are strongly polarized, these groups form hydrogen bonds and choline ions do not exchange rapidly ([@B73]).

Choline dhp and DES influence G-quadruplex stability {#SEC3-4}
----------------------------------------------------

Among various non-canonical nucleic acid structures, G-quadruplex motifs have attracted great research attention as prospective targets for the chemical intervention of biological functions and as building materials in DNA nanotechnology. G-rich DNAs, such as dG~3~(T~2~AG~3~)~3~ derived from the human telomere sequence (HTS), dissolved in choline dhp can form stable G-quadruplex structures ([@B53]), although their stability is decreased relative to that in aqueous solutions. It has been reported that glycine betaine, a zwitterionic osmolyte with alkylammonium ion derivatives, destabilizes guanine-rich DNA structures by binding to guanine in single-stranded DNA at high salt concentrations ([@B42],[@B74]). Similarly, choline ion, an alkylammonium ion derivative, could destabilize G-quadruplex structures. Ohno *et al.* reported on the interaction between hydrated ILs and G-quadruplexes. They found that the kosmotropicity of component ions was also important for the formation and stabilisation of a G-quadruplex in the hydrated ILs of choline dhp ([@B53]). Because only a small amount of free water was present, it would be difficult to preserve the G-quadruplex structure in aqueous solution containing high salt concentrations. The effect of hydrated ILs on RNase A stability was also regulated by the kosmotropicity of component ions ([@B75]). It was concluded that the water state affects the G-quadruplex structure, and the water state is the function of ion species ([@B53]).

In contrast, G-quadruplexes show ultrastability in DES compared with water ([@B76]). Qu *et al.* investigated the thermal stability of G-quadruplex DNAs by plotting UV melting curves. *T*~m~ of most of the G-quadruplexes was \>90°C in DES in the presence of 100 mM KCl, although some of the G-quadruplexes were unstable in the absence of KCl. There is no direct evidence of the stability of G-quadruplexes at temperatures above 100°C because analyses cannot be performed in aqueous solution at these temperatures. DES has no vapour pressure and has high thermal and chemical stability and accordingly is not volatile and does not boil when heated to high temperature. These features make DES superior to water for reactions at high temperatures. For the *Tetrahymena* telomeric sequence, G-quadruplex structures are stable at 110°C in DES, even after being kept at this temperature for 30 min. The thermodynamic parameters for G-quadruplex formation were obtained at various DES concentrations. When the DES concentration increased from 0 to 100 wt%, Δ*H°*, Δ*S°* and Δ*G°*~25~ for G-quadruplex formation decreased from −56.7 to −146.0 kJ mol^−1^, −168.2 to −414.9 J mol^−1^ and −7.4 to −24.5 kJ mol^−1^, respectively. These changes indicate that the formation of the parallel G-quadruplex promoted by DES is enhanced by a favourable enthalpic contribution that exceeds an unfavourable entropic contribution. Undoubtedly, these ultrastable G-quadruplexes can be used for high-temperature biocatalytic reactions, biosensors and DNA architectures. It should also be noted that G-quadruplexes are stable in K^+^/DES at room temperature for at least 3 months ([@B76]).

UNIQUE BEHAVIOUR OF DNA IN ILs {#SEC4}
==============================

Long-term structural and chemical stability of DNA in ILs {#SEC4-1}
---------------------------------------------------------

Finding a medium in which DNA is soluble without loss of its structure and in which it is stable for long periods of use at above room temperature has been a bottleneck in DNA nanotechnology. Hydrated ILs, such as choline dhp with 20% dissolved water, have been shown to be good solvents for proteins. To establish the chemical stability of DNA in ILs, MacFarlane *et al.* measured the CD spectra of the long DNA from salmon testes in hydrated choline dhp (4 M) over time ([@B47]). There was only a slight change in the intensity of CD spectra after the 6 months. DNA in aqueous solution would be substantially denatured after 6 months under these conditions ([@B47]). This finding suggests that the DNA was stabilized chemically by the hydrated IL medium, as has been observed for proteins ([@B30]). Prasad *et al.* studied DNA from salmon testes in the choline ion-based IL of choline-indole-3-acetate (chol-IAA) ([@B77]). DNA was solubilized in the IL at concentrations of up to 3.5% (wt/wt). No structural degradation of the molecule was observed for the sample solubilized in chol-IAA after 6 months of storage. Senapati *et al.* investigated the interaction between IL cations and a DNA duplex (CGCGAATTCGCG)~2~ by MD simulations. The results suggest that, in addition to the electrostatic association of cations in hydrated ILs with the DNA backbone, groove binding by IL cations through hydrophobic and polar interactions contributes strongly to DNA stability ([@B78]). Very interestingly, the IL ions disrupt the water cage around DNA, including the spine of hydration in the minor groove. This partial dehydration by ILs likely prevents hydrolytic reactions and stabilizes DNA for long periods.

Using ILs for DNA nanotechnology {#SEC4-2}
--------------------------------

Ohno *et al.* developed ion-conductive DNA films using ILs ([@B79]). Ion-conductive and flexible DNA films were prepared by both the direct mixing of DNA with salt containing polyethylene oxide and neutralisation of bases on the DNA with acid. The bases on the DNA were neutralized with several acids to convert these bases into IL. Addition of further IL (ethylimidazolium tetrafluoroborate, EtImBF4) allowed the preparation of highly ion conductive films. The highest ionic conductivity of 5.05 × 10^−3^ S cm^−1^ was found at 50°C when 93 wt% EtImBF4 was mixed with tetrafluoroboric acid neutralized DNA ([@B79]). Moreover, an IL domain was successfully prepared outside double-stranded DNA by fixing 1-alkyl-3-methyl-imidazolium cations on the phosphate groups of DNA ([@B79]). These reports will open a new field on the use of DNA as a biomass.

Liu *et al.* studied DNA-linked gold nanoparticles (AuNPs) in choline dhp and in ILs containing propylammonium nitrate, ethylammonium nitrate, methylammonium nitrate and dimethylammonium nitrate ([@B80]). DNA-functionalized AuNPs carry a high density of negative charges and thus may generate new physical properties in ILs. They showed that ILs transit from salts to increase or decrease DNA duplex stability depended on IL concentration. The onset of this transition depends on the structure of ILs: more hydrophobic cations destabilize DNA at lower IL concentrations. This trend is opposite to that observed with molecular solvents (e.g. ethanol, dimethoxysulfoxide (DMSO), dimethylformamide and acetonitrile) that destabilize DNA at low solvent concentrations ([@B81]). Specific DNA base pairing is disrupted at high DMSO concentrations, and AuNPs are held together by nonspecific interactions. In the other tested molecular solvents, DNA base pairs are maintained, although strong nonspecific interactions are also present. Several ILs can release protons and thus drastically change pH, also changing the melting temperature of DNA. Moreover, a method to efficiently separate DNA-staining dyes from DNA without disturbing DNA properties was reported using hydrophobic ILs ([@B82]). The study by Liu *et al.* also reveals the feasibility of using ILs as solvents for DNA-functionalized nanomaterials.

Studies of behaviour of DNA in ILs reveal its behaviour in cells {#SEC4-3}
----------------------------------------------------------------

From a biological viewpoint, DNA behaviour in ILs may also be relevant to the cellular environment in which DNA is found. Osmolytes including choline ions and glycine betaine, an alkylammonium ion derivative, are in abundant supply in cells ([@B83]), and phosphatidyl choline is present in the nuclear membrane. It is likely that certain regions of DNA inside the nucleus form triplexes to regulate biological reactions such as transcription. Stability changes in nucleic acids also appeared in choline chloride solution, which is not a hydrated IL ([@B48]). If there is an interaction between osmolytes and DNA or nuclear membranes and DNA, stability changes in DNA will be induced in cells.

Hud *et al.* have shown that DNA with a nucleotide sequence derived from HTS adopts the parallel G-quadruplex fold in an anhydrous ChCl−urea DES ([@B86]). Previous studies had shown that cosolvents in aqueous solutions (e.g. acetonitrile, ethanol and polyethylene glycol) can shift the equilibrium structure of HTS DNA from the mixed parallel, antiparallel G-quadruplex folds that are favoured in aqueous solutions to the parallel fold that was first observed in the crystal state ([@B81],[@B87]). Folding of HTS in the anhydrous ChCl−urea DES and mixed DES−water solvents has revealed diffusion-limited kinetics consistent with the Kramers rate theory ([@B89]). The kinetics of G-quadruplex properties is a function of viscosity (Figure [9](#F9){ref-type="fig"}). Moreover, future investigations of G-quadruplexes should take into account solvent friction effects, as *in vivo* folding is likely to be affected by solvent viscosity, given that the viscosity of the cellular milieu is as high as 140 cP ([@B90]). Thus, analysis of DNA behaviour in ILs from the physicochemical standpoint is very useful for understanding DNA behaviour in the cell.

![G-quadruplex folding depends on a solution with (**a**) low viscosity and (**b**) high viscosity ([@B85]).](gku499fig9){#F9}

CONCLUSIONS, CHALLENGES AND PERSPECTIVES {#SEC5}
========================================

By harnessing interactions between ILs and DNA, we can control the stabilities and structures of nucleic acids. ILs have several properties that will enhance the functions of DNA nanodevices. Natural DNAs are not chemically stable in solution at ambient temperatures for long periods. MacFarlane *et al.* reported that DNA has long-term stability in choline dhp in the absence of nuclease ([@B47]). Nuclease degradation of DNA may be inhibited in 4 M choline dhp solution because a solution containing high salt concentration is not suitable for protein folding. Thus, choline dhp could be useful as a chemical DNA stabilizer and a nuclease inhibitor. Another important property of ILs is their low vapour pressure, making these liquids better solvents than water for low-volume devices. Thus, DNA devices should be generally reusable for multiple cycles in ILs.

Systems for sensing specific DNA sequences are important in the fields of medicine and nanobiosensing ([@B91]). Conventional methods for sensing a DNA sequence, including DNA microarrays, Southern blots and *in situ* hybridisation, are based on the formation of Watson--Crick base pairs and require the generation of single-stranded DNA prior to analysis. To simplify target detection, several approaches have been developed in which double-stranded targets are detected directly ([@B15],[@B95]). As these systems use intercalating dyes and groove-binding ligands, they lack sequence specificity and are prone to false-positive detection ([@B96],[@B97]). The triplex is a promising recognition motif for sequence-specific sensing of double-stranded DNA targets ([@B15],[@B95]). Based on our finding of a significant stabilisation of Hoogsteen base pairs with choline dhp, sequence-specific sensing of double-stranded DNA will be possible without the need for denaturation of the duplex or complicated instrumentation. Thus, information in this review should facilitate the development of new DNA materials.
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